Abstract All-atom molecular dynamics computer simulations were used to blindly predict the hydration free energies of a range of chloro-organic compounds as part of the SAMPL3 challenge. All compounds were parameterized within the framework of the OPLS-AA force field, using an established protocol to compute the absolute hydration free energy via a windowed free energy perturbation approach and thermodynamic integration. Three different approaches to deriving partial charge parameters were pursued: (1) using existing OPLS-AA atom types and charges with minor adjustments of partial charges on equivalent connecting atoms; (2) calculation of quantum mechanical charges via geometry optimization, followed by electrostatic potential (ESP) fitting, using Jaguar at the LMP2/cc-pVTZ(-F) level; and (3) via geometry optimization and CHelpG charges (Gaussian03 at the HF/6-31G* level), followed by two-stage RESP fitting. Protocol 3 generated the most accurate predictions with a root mean square (RMS) error of 1:2 kcal mol À1 for the entire data set. It was found that the deficiency of the standard OPLS-AA parameters, protocol 1 (RMS error 2:4 kcal mol À1 overall), was mostly due to compounds with more than three chlorine substituents on an aromatic ring. For this latter subset, the RMS errors were 1:4 kcal mol À1 (protocol 3) and 4:3 kcal mol À1 (protocol 1), respectively. We propose new OPLS-AA atom types for aromatic carbon and chlorine atoms in rings with C4 Cl-substituents that perform better than the best QM-based approach, resulting in an RMS error of 1:2 kcal mol À1 for these difficult compounds.
Introduction
The hydration free energy DG hyd , i.e. the change in Gibbs free energy for the transfer of a molecule from the gas phase to aqueous solution at constant temperature and pressure, is of fundamental importance to characterize the distribution of compounds in chemical and biological systems. It has also become a standard test case for the evaluation of the predictive power of quantitative computational methods. The SAMPL challenges (SAMPL1 [1] , SAMPL2 [2] , SAMPL3 in this issue) in particular asked participants to blindly predict hydration free energies for compounds whose unpublished experimental values were only revealed after submission of the predictions. This has turned out to be a fruitful approach to assess quantitative computational methods without bias and point out areas where improvements are required [3] . Solvation free energies have also been used to either parameterize simulations can provide precise predictions for hydration free energies [9] and current force fields are believed to be accurate to 1-1.5 kcal mol À1 for the prediction of hydration free energies of typical small organic molecules [3, [10] [11] [12] [13] [14] [15] [16] The data set provided for the SAMPL3 challenge consists of 36 chloro-organic compounds in three distinct chemical subsets with varying numbers of chlorine substituents. Understanding the relationship between structure and physico-chemical properties for this family of compounds is important in order to model the spread of these persistent and often toxic organic pollutants through the environment [17] . Subset 1 contains polychlorinated derivatives of ethane with all possible substitution combinations and up to six chlorine atoms (compounds 1-10, Fig. 1 ). Polychlorinated derivatives of biphenyl in subset 2 (11-24, Fig. 2 ) and of dibenzo-p-dioxin (subset 3, 25-36, Fig. 3 ) contain aromatic ring systems with different substitution patterns for the chlorine substituents.
Computational studies predicting the hydration free energy for polychlorinated compounds are relatively rare in the literature. Previous work [18] described the prediction of hydration free energies for chlorinated ethanes using molecular dynamics simulations, in explicit solvent and with the OPLS force field. As the original parameters gave very poor results for the prediction of absolute and relative hydration free energies, the non-bonded r 12 coefficients for carbon, hydrogen and chlorine atoms were improved to reproduce experimental free energies of hydration [18] . More recently, hydration free energies of a data set of 57 polychlorobiphenyls (PCBs) were recently computed to a root mean square error (RMSE) of about 0:9 kcal mol
À1
with an empirically corrected one-dimensional reaction site interaction model [19] . To our knowledge, no study dedicated to the prediction of hydration free energies of the polychlorinated dibenzo-p-dioxins (PCDD) family has been published to date.
Here we used all atom classical molecular dynamics (MD) simulations to compute the hydration energy from the interactions between the solute and water. These interactions are parameterized in a force field; for this work we used the OPLS-AA force field [5, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] as a basis. The strongest non-bonded interaction in molecular systems is the electrostatic force, which is parameterized as a Coulomb force between point charges situated on the sites of the atoms. The point charges are typically not taken as full formal charges but as partial charges that, in the sum, reproduce the correct electrostatics of the molecule. In OPLS-AA, charges are determined for small model compounds and then directly transferred to an atom in another molecule that experiences the same chemical environment as the atom in the model compound. Water is a polar molecule and thus electrostatic interactions typically dominate the hydration free energy. Therefore, we evaluated three different protocols for generating the partial charges for the compounds 1-36. Protocol P1 essentially employed the native OPLS-AA charges whereas P2 and P3 computed the charges at the quantum mechanical (QM) level for each compound.
Comparison of the predicted hydration free energies with the hydration free energies released in the SAMPL3 evaluation phase (Fig. 4) indicated that the QM partial charges produced better predictions than the OPLS-AA charges. In particular, compounds with at least 4 chlorine substituents on aromatic rings had much too negative hydration free energies in OPLS-AA. This observation prompted us to re-parameterize the corresponding Cl and C partial charges, using the hydration free energy of the model compound hexachlorobenzene 37 (not in the test set) as a target. We show that the resulting parameterization protocol P4, which amounts to the introduction of two new atom types into the standard OPLS-AA parameterization protocol, performs better on the SAMPL3 set than any of our other approaches P1-P3.
Methods
All compound structures were converted from SDF format to PDB format with CORINA version 3.44 (http://www.molecularnetworks.com). Analysis of molecular dynamics trajectories was carried out with Gromacs tools (http://www.gromacs.org) [34] and MDAnalysis [35] . The OPLS-AA force field files that are part of Gromacs 4.5.3 [34] were used as a basis for the parameterization of the compounds 1-37.
Parameterization protocols
Topologies of all compounds were generated using an inhouse developed script that assigns atom types based on the OPLS-AA force field. The hydration free energy depends strongly on the partial charges and hence three different protocols P1-P3 were tested for charge generation. A fourth protocol, P4, was used to derive optimised partial charge parameters for chlorine and carbon atoms that were insufficiently represented in the current OPLS-AA force field. The Lennard-Jones and bonded interactions were kept the same for protocols P1-P4.
P1 OPLS-AA charges For parameterization protocol P1, the native charges from OPLS-AA were used. When these were missing, they were adapted from the existing ones (e.g. atom type opls_152 with modified charges of 0.297 and 0.600 were used for C atoms in RCHCl 2 and RCCl 3 , respectively; see ''Parameterization and validation of new OPLS-AA atom types'' section for a post-hoc validation of this approach).
P2 LMP2/cc-pVTZ(-F) QM charges For protocol P2, the charges were obtained after geometry optimization and electrostatic potential (ESP) fitting, using Jaguar (http:// www.schrodinger.com) at the LMP2/cc-pVTZ(-F) level. This methodology has been previously used for the OPLS-AA force field development (protein amino acids and small organic molecules) [21, 26, 27] . The charges for chemically equivalent atoms obtained from the Jaguar calculations output were generally not identical, and they were adjusted manually before further use.
P3 HF/6-31G* QM charges For P3, the charges were obtained after geometry optimization and CHelpG charges calculation using Gaussian03 (http://www.gaussian.com) [36] at the HF/6-31G* level, then a two-stage RESP fitting using AmberTools (http://ambermd.org). This methodology has been previously used for heterocycles parameterization in the OPLS-AA force field [23, 24] .
P4 New OPLS-AA parameters based on the hydration free energy of hexachlorobenzene New OPLS-AA atom types for chlorine and carbon were developed for the case of aromatic rings with four or more chlorine substituents, using the model compound hexachlorobenzene 37 ( Fig.  5A ). Lennard-Jones and bonded interactions were retained from OPLS-AA atom types opls_264 (Cl) and opls_263 (C), which were originally derived from chlorobenzene [37] . The partial charges of the Cl and the C atom were set to equal but opposite values (q Cl = -q C ). They were adjusted until the computed hydration free energy matched the experimental estimate, DG exp hyd ¼ À2:26 kcal/mol, which had been calculated as the mean from two different experimental measurements [19] .
Hydration free energy calculation
Hydration free energies were calculated via free energy perturbation (FEP) molecular dynamics (MD) simulations of each molecule in a water box. All simulations were performed with Gromacs 4.5.3 [34] . Processing and analysis of the free energy simulations was carried out with scripts based on the GromacsWrapper Python tool kit (O. Beckstein, http://github.com/orbeckst/GromacsWrapper).
The FEP protocol follows the works of Mobley and colleagues [10] , with some small differences. A molecule was solvated with TIP4P water [38] in a dodecahedral periodic simulation cell with at least 1.0 nm between the solute and the box surfaces. Initial equilibrium NPT MD simulation (T = 300 K, P = 1 bar) of the molecule were run for 50 ns. The simulations were run as Langevin dynamics (integration time step 2 fs) for temperature control, with the friction coefficient for each particle computed as mass/0.1 ps. The average pressure was held constant with an isotropic Berendsen barostat (relaxation time constant s p = 1 ps and compressibility j p = 4.6 9 10 -5 bar -1 ). The grid-based neighbor list was updated every five time steps. Lennard-Jones interactions were calculated up to a cutoff of 1 nm and a dispersion correction (implemented in Gromacs) was applied to energy and pressure to account for van der Waals interactions beyond the cutoff in a mean field manner. Coulomb interactions were handled with the SPME method [39] (short range cutoff 1 nm, 0.12 nm Fourier grid spacing, sixth order spline interpolation). Bonds containing hydrogen atoms were constrained with the P-LINCS algorithm [40] (fourth order expansion with a single iteration).
The last frame of the NPT simulation was used as the input for the free energy perturbation (FEP) simulations. FEP calculations were performed in the NVT ensemble without a barostat but used the same parameters as the NPT A B simulations with the exception of FEP specific alterations and a higher P-LINCS order of 12.
Simulations were run on up to eight cores. The domain decomposition algorithm in Gromacs 4.5.3 did not always handle well the simulations for these relatively small systems and therefore most of them were run with the particlebased decomposition. The simulation system sizes were fairly small (8-22 atoms for solute and 1,100-2,600 atoms for solvent) and did not substantially benefit from parallelizing a single simulation further. However, the automated FEP protocol described below requires 21 simulations that can all be carried out independently. One eight-core workstation was sufficient to calculate one hydration free energy in 1-2 days, depending on the size of the system.
The FEP protocol computes the free energy difference between the solvated molecule and the molecule in the gas phase by constructing an alchemical (non-physical) pathway during which the interactions of the molecule with the solvent are stepwise decoupled. A coupling parameter k for each interaction is used to scale the interaction: k = 0 indicates that the interaction is at full strength and at 1 it is switched off. The calculations made use of the ''couple-intramol = no'' feature in Gromacs [34] (new in release 4.x), which performs a decoupling simulation that leaves intra-molecular interactions unchanged and thus avoids having to calculate gas-phase contributions separately. The derivative of the Hamiltonian H with respect to the coupling parameter k; oH=ok, was saved for every time step. Thermodynamic integration (TI) over the average derivatives of all windows,
yielded the free energy contributions for the decharging and decoupling steps. Eq. 1 was integrated numerically with the composite Simpson's rule [41] as implemented in SciPy (http://www.scipy.org). The total hydration free energy (transfer from gas phase to aqueous phase at the 1M/1M Ben-Naim standard state) is calculated as DG hyd ¼ ÀðDG Coul þ DG vdW Þ. Note that any corrections for simulating at constant volume have been neglected (and hence technically our transfer energy is a Helmholtz free energy). In the last stages of preparation of this manuscript for submission, these corrections have been evaluated more in depth and we realized that they can be significant in some cases. Preliminary results indicate that correct treatment of these corrections will substantially improve our results.
The error on the hydration free energy is estimated from the errors of the individual hoH=oki of each FEP window. The error d of the mean hoH=oki is calculated as
where C(t) is the autocorrelation function of the fluctuations around the mean, oH=ok À hoH=oki; t c the correlation time (assuming an inital exponential decay of the autocorrelation function CðtÞ $ expðÀt=t c Þ), and s the total length of the simulation [42] . 
Results and discussion
The main results of the hydration free energy calculations are summarized in Fig. 4 and detailed in Table 1 .
Predicted hydration free energies
For each molecule, hydration free energy calculations were carried out using the three topologies generated with protocols P1-P3. The corresponding three sets of results
(DG ð1Þ
hyd to DG ð3Þ hyd in Table 1 ) were submitted to the SAMPL3 challenge. The accuracy of the computed DG hyd was quantified by computing the root mean square error (RMSE) from the experimental hydration free energies, which were released by the SAMPL3 organisers after the submission of the predictions. A RMSE to within chemical accuracy, i.e. about 1 kcal mol À1 , can be considered sufficient for many applications [3] .
At the time of submission, experimental values for the hydration free energy were known for two compounds from this dataset: ethane 1 and hexachloroethane 10, the latter being present in the SAMPL2 data set [2] . For both compounds, the second protocol (P2) gave the best results (RMSE 0:3 kcal mol À1 ) and thus from this very limited data set, P2 appeared to be the most promising approach. However, comparison of the predictions for the whole data set 1-36 to the released experimental data (Fig. 4) showed that P3 (QM charges from Gaussian03) produced the best blind predictions with a RMSE of 1:2 kcal mol À1 compared to 1:8 kcal mol À1 for P2 (QM charges from Jaguar). Compared to the QM-derived charges, the standard OPLS-AA approach (P1) was less accurate with RMSE 2:4 kcal mol À1 (Table 1) .
A more detailed analysis in terms of distinct chemical groups showed a more diverse picture. In subset 1, which contains the chloro ethane derivatives 1-10, the trend was completely reversed. In this case, protocol P1 provided the most accurate predictions, with a RMSE value of 0:8 kcal mol À1 : The QM-based methods did show smaller errors for the more complicated compounds in subsets 2 (11-24) and 3 (25-36) than the standard OPLS-AA charges where P3 produced more accurate results than P2 or P1 ( Table 1) .
The encouraging results for the standard OPLS-AA force field for subset 1 suggested that the force field is able to reach near chemical accuracy for chloro-organic compounds and its failure to do so for subsets 2 and 3 might have a cause lying in the chemical structure of the compounds. It turned out that compounds with at least four chlorine substituents on an aromatic ring (15, 19-24, 31, 34-36 ) had substantially too negative hydration free energies (RMSE 4:3 kcal mol À1 compared to the best RMSE 1:4 kcal mol À1 for P3). This was particularly obvious when the correlation between experimental and computed values was plotted as in Fig. 4 . These results prompted us to develop new force field parameters for these difficult compounds.
Parameterization and validation of new OPLS-AA atom types
Parameterization of aliphatic C atoms in RCHCl 2 and RCCl 3 In the original OPLS-AA force field, no parameters were available for aliphatic carbon atoms bearing two or three chlorine substituents, only aliphatic C atoms of RCH 2 Cl type being parameterized (available as opls_152), starting from 1,2-dichloroethane [37] . As several compounds from the SAMPL3 dataset (3, 5-10) contained the RCHCl 2 and RCCl 3 motifs, two new atom types were defined starting from opls_152 and following the same OPLS-AA philosophy. Consequently, modified charges of 0.297 and 0.600 were used in protocol P1 for C atoms in RCHCl 2 and RCCl 3 , respectively, all other parameters being identical with opls_152 ( Table 2) . The values of these charges were chosen in order to conserve the overall neutrality of the molecule and make use of the existing atom types [37] for hydrogen and chlorine atoms in alkyl chlorides (opls_153 and opls_151, respectively). The predictions for the compounds containing these new atom types (3, (5) (6) (7) (8) (9) (10) were in very good agreement with the experimental hydration free energy values (RMSE 0:62 kcal mol À1 ; see Table 1 ), better than the predictions for the compounds making use of ''classical'' OPLS-AA parameters (1-2,4, RMSE 1:03 kcal mol À1 ). In these conditions, we believe that these two new atom types are validated and appropriate for further use in molecular dynamics simulations with the OPLS-AA force field.
Parameterization of Cl atoms in aromatic rings with C4 chloro substituents Three different atom types are available in the OPLS-AA force field for fluorobenzenes (opls_719, opls_728 and opls_721, defined for systems with one, two and six fluorine substituents on the aromatic ring, respectively). On the other hand, only one atom type (opls_264) is available for chlorobenzenes, corresponding to the monosubstituted aromatic rings [37] . As already stressed above, the compounds with four or more chloro substituents on the aromatic ring (15, 19-24, 31, 34-36 ) contributed most to the overall prediction error for the hydration free energy in the SAMPL3 dataset (Table 1, Fig. 4) . A possible explanation for these results is that the opls_264 atom type is not appropriate for use with these highly substituted systems, possibly due to interactions between the chlorine atoms as also found in a different study [19] . Within the SAMPL3 challenge, we were able to obtain improved predictions for these difficult compounds using modified charges generated from QM calculations (protocols P2 and P3, with RMSE 2:72 kcal mol À1 and 1:39 kcal mol À1 , respectively, compared with 4:29 kcal mol À1 using protocol P1). However, with protocols P2 and P3 the charge on Cl atoms always differs according to their environment within the molecules. Such variable charges are not compatible with the OPLS-AA philosophy and make it impossible to transfer these charges to other, chemically similar compounds. With approaches P2 and P3, a full QM calculation would have to be carried out for each new compound of interest. The SAMPL3 data provided an opportunity to define a new transferrable OPLS-AA atom type for Cl atoms in highly substituted aromatic systems (perchlorobenzenes). We used hexachlorobenzene (37, Fig. 5a ), which is not included in the SAMPL3 data set, but was present in the SAMPL2 data set [2] , as a model compound. Starting from the standard OPLS-AA atom type opls_264 for Cl (protocol P1), we computed DG hyd as a function of the partial charge q Cl on the Cl atom (Fig. 5b) . The aromatic C ipso atom bearing the Cl substituent was based on opls_263 and was assigned the same charge as the Cl atom but with opposite sign (q Cipso = -q Cl ). As a target value for DG hyd we employed the experimental estimate of À2:26 kcal mol À1 , which was also used by Ratkova et al [19] . The standard OPLS-AA parameters (q Cl = -0.180) yielded a DG hyd too negative by 4:01 kcal mol À1 , consistent with the general trend observed for the aromatic compounds from the SAMPL3 set (P1). The QM approaches produced smaller Cl charges of -0.060 (P3) and -0.018 (P2), leading to DG hyd being too positive by 1.29 and 1:39 kcal mol À1 , respectively. We then systematically varied q Cl to match the target hydration free energy and finally chose q Cl = -0.090 with a signed deviation of À0:18 kcal mol À1 to define new atom types opls_263A (C ipso ) and opls_264A (Cl) for perchlorobenzenes ( Table 2) .
The new atom types (termed protocol P4) were tested for the compounds from the SAMPL3 data set with C4 chlorine atoms on an aromatic ring (Table 1, Fig. 4) . Gratifyingly, the RMSE for these outlier compounds improved from 4:29 kcal mol À1 using P1 to 1:22 kcal mol À1 using P4. Therefore, using the appropriate OPLS-AA parameters (the original force field parameters and the ones proposed in this work), the hydration free energies for all compounds from the SAMPL3 dataset could be calculated with a RMSE of 1:0 kcal mol À1 .
Conclusion
In this study, hydration free energies for the SAMPL3 dataset were predicted using molecular dynamics simulations with the OPLS-AA force field. Three different protocols for charge generation were used (the original OPLS-AA charges and two variants of QM-derived charges). One of the QM-derived protocols gave the best results, leading to a RMSE value of 1:2 kcal mol À1 for the whole dataset, whereas the original OPLS-AA charges yielded a RMSE of 2:4 kcal mol À1 . The largest contribution to this RMSE was due to compounds with four or more chlorine atoms on the aromatic ring. A new OPLS-AA atom type was developed for these difficult compounds, which allowed a substantial improvement in prediction error. Consequently, using the appropriate OPLS-AA parameters (the original force field parameters and the ones proposed in this work) we are now able to compute the hydration free energies for the whole SAMPL3 dataset with a RMSE of 1:0 kcal mol À1 .
